Introduction
Optical sensors and biosensors have been increasingly gain− ing attention in the world of scientific research. The said sensors may find numerous applications in environment monitoring, food control, pharmacology, and in medicine [1] . By the application of optical transducers in chemo− or biosensor systems we can potentially generate very high sensitivities. It particularly involves planar evanescent wave sensors (PEWS). Due to the applied manufacturing technol− ogy, planar sensor structures are relatively easy to optimize. The main physical effects used in planar evanescent wave chemical and biochemical sensors are as follows: the chan− ge of refractive index of waveguide cover in the sensor structure and the change of sensitive film thickness [1] [2] [3] [4] . The said effects bring about the change of effective refrac− tive indexes of modes propagating in the structure. The changes of effective refractive indexes can be measured by the application of the interferometers of Mach−Zehnder [5] [6] [7] , Young [8, 9] , Michelson [10] and with a polarimeter [2, 11, 12] or grating couplers [3, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Due to technologi− cal constraints (the interaction length is limited to single centimetres), the operating range in PEWS is most fre− quently limited to a single interference fringe. Therefore, to obtain high measurement sensitivities, the systems have to be optimized. The optimization involves optical and geo− metrical parameters of sensor structures as well as the technology of their production. The technological research has been focused on the structures of the possibly highest contrast of refractive index and low attenuation.
A difference interferometer is the least technologically complicated system to apply, and as presented by Lukosz et al. it can be used for the measurements of chemical and bio− logical quantities [2, 12] . In a difference interferometer, sin− gle− or multimode (two−mode) planar waveguides can be applied. In single−mode systems, the fundamental modes TE 0 and TM 0 are applied [2, 12] . In two−mode systems, we apply the interference of modes of different order having the same polarization states [23] . Qi et al. suggested the appli− cation of a composite waveguide structure with the interfer− ence of modes TE 0 and TM 0 [24] [25] [26] . This structure can be a platform for various chemical sensors and immunosensors [27] . The author independently suggested the application of the structure of sol−gel SiO 2 :TiO 2 film/ion−exchange glass optical waveguides in the planar interferometer with diffe− rence interference of modes TM 0 −TM 1 [28] .
The paper is devoted to the characterization of the com− posite sensor structures, which is described in Sect. 2. Sec− tion 3 presents their theoretical analysis. It contains mode characteristics and the influence of uniform layer thickness on homogeneous and surface sensitivities. Section 4 pre− sents the production method of composite sensor structures and their testing results, which are compared with the theo− retical results. Excellent agreement has been obtained be− tween the theoretical predictions and experimental results.
Composite structures
A diagram of a composite waveguide structure is presented in Fig. 1 . On the gradient layer, a uniform film of the high refrac− tive index n 1 was deposited. The figure is out of scale. The depth a of the gradient layer produced in the ion exchange pro− cess can be of several micrometers, and the thickness d of the uniform film is smaller at least by one order of magnitude. In such a structure we can obtain the separation effect of propa− gating modes. These can be fundamental modes TE 0 , TM 0 or modes of different orders of the same polarization state. Then, one of the modes is propagating in the uniform film and the other one is propagating in the whole structure, its turning point being in the gradient layer. Each of the modes in a diffe− rent way reacts to the change of the refractive index n c of the waveguide structure cover or to the thickness changes of sensi− tive film. This property is used in planar waveguide sensors with difference interference [2, 12] . The paper is concentrated principally on the interference of modes of the 0 th and the 1 st order of the same polarization state. The theoretical part is de− voted to the influence of the refractive index of the cover n c on homogeneous sensitivity and on surface sensitivity when there is a sensitive film of the thickness w s on the uniform film.
Theoretical analysis
The change of the refractive index of the cover n c or the change of the thickness w s of the sensitive film results in the change of effective indexes of modes propagating in the structure. These are mainly physical effects, which are used in chemical or biochemical PEWS. Small changes of the refractive index of the cover Dn c and the thickness Dw s of the sensitive film correspond with the changes of effective refractive index [2] 
where ¶N/ ¶n c is the homogeneous sensitivity and ¶N/ ¶w s is the surface sensitivity. When designing a sensor structure, we strive to obtain the highest values. Below, the results of theoretical analysis of composite waveguide structures are presented. The calculations were carried out with the appli− cation of a 4´4 Berreman matrix method. The fundamentals of this method are widely discussed in Refs. 29 and 30 and the equations characteristic for the asymmetric structure were provided by the author in the earlier work [21] . It was demonstrated in Refs. 31 and 32 that the 4´4 Barreman matrix method yields precise calculation results. In the calculations, an exponential profile of the refrac− tive index of a gradient layer was assumed n g ). For the certain thickness range d of the uniform film, the mode TE 0 is propagating in the uniform film, and the turn− ing point of the mode TM 0 is within the area of a gradient layer. The mode TE 0 , propagating in the uniform film is characterized by high sensitivity to the changes of the para− meters of waveguide structure cover, whereas the mode TM 0 , whose turning point is within the area of gradient changes of refractive index, is characterized by low sensiti− vity to the changes of cover parameters. Through the appli− cation of difference interference of fundamental modes in such structures we can obtain high sensitivities. Waveguide structures of such properties have been applied by Qi et al. in planar sensor systems [24] [25] [26] . Still, higher sensitivities to the changes of cover parameters can be obtained using the interference of modes of the 0 th and 1 st order of the same polarization state. The influence of the thickness d of the uniform film and of refractive index of the cover n c on the homogeneous sensitivity ¶N/ ¶n c and on the surface sensi− tivity ¶N/ ¶w s is presented below.
Modal characteristics

Homogeneous sensitivity
The calculated dependences of the homogeneous sensitivity ¶N/ ¶n c of the fundamental modes (m = 0) and modes of the 1 st order (m =1) on the thickness d of the uniform film, for refractive index of the cover n c = 1.33 are presented in Fig. 3 . Initially, for fundamental modes, with very small thickness of the uniform film (d < 50 nm), the homogeneous sensitivity is low and it is rising slowly with the increase of d. Then, with the further increase in uniform film thickness, an abrupt rise of homogeneous sensitivity can be observed. The homogeneous sensitivity reaches its maximum value when the mode is guided in the uniform film ( Fig. 2 ). For the TE polarization, the maximum of homogeneous sensi− tivity corresponds with the lower thickness d of the uniform film than for the polarization TM. At the same time, for the TE polarization, the maximum value of homogeneous sensi− tivity is higher than for the polarization TE. The first range of the characteristic, i.e., low dependence of homogeneous sensitivity on the thickness d, depends on the parameters of refractive index profile in a gradient layer. Of different cha− racter are the diagrams of homogeneous sensitivity of the 1 st order modes (m = 1) on which two maximums can be seen. The first maximum corresponds with the thickness d of the uniform film for which the turning points are within the area of gradient changes of a refractive index. An abrupt rise of sensitivity above d »400 nm is connected with the turning point approaching the position z = 0 (Fig. 1) . Maximum sen− sitivities for the modes TE 1 and TM 1 are obtained when both of them are guided in the uniform film. Therefore the sensitivity values in the second maximum are considerably higher than values in the first one. It can be observed from the comparison of maximum sensitivities for fundamental modes and sensitivities in the first maximum for the 1 st order modes that the uniform waveguides have huge advan− tage over the gradient ones. The influence of the parameters of a uniform sensor structure on homogeneous sensitivity is extensively discussed in Ref. 21 . Figure 4 presents the calculated characteristics of homo− geneous sensitivity, corresponding to different cases of dif− ference interference. The curves A and B correspond to dif− ference interference of modes of different orders having the same polarization state, respectively TM 0 −TM 1 and TE 0 −TE 1 . The curve C corresponds to the difference interfe− rence of fundamental modes TE 0 −TM 0 . For the sake of com− parison, the dashed line (curve D) was used to draw up the characteristic corresponding to the difference interference of fundamental modes in a classical three−layer structure with a uniform waveguide film of the refractive index n 1 = 1.74 on the glass substrate n b = 1.51. Two extrema can be seen on each of the characteristic of composite sensor struc− ture. The first extremum has been affected by the separation of interfering modes -one is guided through the uniform film, and the turning point of the second one is in the gradi− ent layer. The second extremum, occurring at the higher thickness d, corresponds to the propagation of both modes in the uniform film. In this case, the relevance of a gradient layer is slight, and the obtained sensitivity is the function of refractive index and the thickness of uniform film. For the interference of modes having the same polarization state, the value of sensitivity in the first extremum is over twofold higher than the absolute value in the second extremum. For the interference of fundamental modes the absolute values of sensitivity in both extrema are similar. The highest abso− lute values of homogeneous sensitivity correspond to the interference of the modes TM 0 −TM 1 . For the interference of the modes TE 0 −TE 1 , slightly lower maximum sensitivities are obtained, to which, at the same time, correspond lower values of the thickness d of the uniform waveguide film.
Comparing the presented characteristics, we can observe that the maximum homogeneous sensitivity corresponding to the interference of the fundamental modes TE 0 −TM 0 in the composite waveguide structure is threefold lower than the sensitivity corresponding to the interference of 0 th and 1 st order modes of the TM polarization.
Basing on the run of sensitivity characteristics presented in Fig. 3 we can easily see that it is only the parameters of the uniform film which decide about the homogeneous sen− sitivity corresponding to the interference of modes having the same polarization state. It means that the differences between the produced and assumed profiles of gradient lay− ers will, in practice, have no influence on the designed sen− sitivity. When designing the thickness of a uniform wave− guide layer for maximum sensitivity, we are also reducing the influence of technological deviation involving the thick− ness of the produced layers on the obtained sensitivities. The main factor having the influence on the deviation of the obtained sensitivity from the designed one is the techno− logical deviation of the refractive index of uniform film.
Surface sensitivity
The dependences of the surface sensitivity ¶N/ ¶w s on the uniform film thickness d are presented in Fig. 5 . It was assumed in the calculations that the refractive index of sen− sitive film n s = 1.50, the thickness of sensitive film w s = 1 nm, and the refractive indexes of the cover is n c = 1.33. The sensitivities determined on the basis of the characteristics presented in Fig. 5 and corresponding to the difference interference are presented in Fig. 6 . The highest surface sen− sitivity, as in the case of homogeneous sensitivity, corre− sponds also to the interference of the modes TM 0 −TM 1 (curve A). Slightly lower is the maximum value of surface sensitivity, corresponding to the interference of the funda− mental modes TE 0 −TE 1 (curve B). Considerably lower sen− sitivity than that for the interference of the modes TM 0 −TM 1 is the sensitivity corresponding to the interference of the fundamental modes TE 0 −TM 0 (curve C).
Experimental
Gradient waveguides were produced in the ion exchange process [33] [34] [35] [36] , and uniform films using the sol−gel method [37, 38] . For composite waveguide structures, the dependence of effective indexes on the thickness d of the uniform film was determined. In the uniform films of the selected structures, grating couplers were made. For the said structures, the influence of refractive index of the cover on effective indexes was studied, and homogeneous sensitivi− ties were determined for them.
Technology
Gradient waveguides were produced in the ion exchange process K + −Na + with the application of soda−lime glass sub− strates. The ion exchange processes were carried out in the bath of molten potassium nitrate (KNO 3 ) at temperature 673 K (400°C). Two groups of gradient waveguides were pro− duced. One group of the waveguides (single mode wave− guides) was produced in the ion exchange process lasting 30 minutes, and the second group of waveguides (double mode waveguides) was produced in the ion exchange process las− ting 120 minutes. Using the dip−coating method, the films of the sol SiO 2 :TiO 2 of different thickness were coated on the produced gradient waveguides. The composite waveguide structures with single mode gradient waveguides were two− −modal, and the structures with double mode gradient wave− guides were three−modal ones. In the next part of the paper, these structures will be named as GU2 and GU3, respec− tively. The principal parameter which allows us to control the thickness d of the films being produced is the with− drawal rate v. The relation d(v) for a uniform film is pre− sented in Fig. 7 . Squares were used to mark experimental points and solid line to present the theoretical relation d = Av a + B [38] . In the uniform films of the same structures, using the embossing method [13, 18] , grating couplers of the period L = 900 nm were produced. Finally, all structures were heated at a temperature 673 K (400°C) for 30 minutes. The refractive index of the produced uniform waveguide films was n l = 1.74. The refractive profiles of the gradient waveguides obtained in the ion exchange process in soda− −lime glass were presented in Ref. 22 . The production tech− nology of films SiO 2 :TiO 2 was described in Ref. 38 . Basing on the uncertainty of the approximation parameters d = d(v), it was found that the dispersion involving the thickness of uniform films produced in one technological process is lower than 2% and the dispersion of refractive indexes does not exceed 0.7%. In the processes of ion exchange K + −Na + , we can produce maximum changes of a refractive index at the level of~0.01, and the obtained refractive profiles can be controlled with high precision [33] [34] [35] .
Measurement setup
The composite sensor structures were tested using the pro− duced in them grating couplers and with the application of a prism coupler. In both cases the measurements were car− ried out in a set−up whose diagram is presented in Fig. 8 . The investigated structures PS were placed on a goniometer GO, which was powered by a stepping motor. The rotation of the goniometer was measured with the accuracy of 1.8 arc seconds. The grating coupler was illuminated from the substrate side. As a light source, the laser diode LD of the wavelength l = 677 nm powered by the generator G was applied. A respective polarization state of the illuminating beam was set using the polarizer P and the rotator PR. The direction of the normal was set guiding the light beam reflected from the structure back to the laser diode LD. To enhance the positioning accuracy of the normal, the path of the beam was increased by the application of additional mir− rors, which are not presented in the figure. The elongation of a beam path to a few meters yielded the determination uncertainty of the normal equal to 0.05°. The optical signal from the end of the structure was guided off to the detector D using a multimode fiber waveguide type PCS (200/300 μm). The detection of the modulated signal was realized with the application of a homodyne nanovoltmeter NH. Modal spectra were recorded in the computer using a measurement card.
Experimental results
In the experimental tests we determined the influence of the thickness d of the uniform film and the influence of a refractive index of the cover n c on the effective indexes N. The research was carried out for composite two−modal (GU2) and three− −modal waveguide structures (GU3). Figure 9 presents the dependence of effective refractive indexes of waveguide struc− tures on the thickness d of the uniform film. Crosses and trian− gles were used to mark experimental points, and solid line and dashed line were used to mark the calculated modal characte− ristics. The effective refractive indexes N were determined us− ing a prism coupler in the measurement setup presented in Fig. 8 . It can be observed that the presence of a uniform film has rather insignificant influence on the effective refractive in− dexes of 1 st and 2 nd order modes. A good agreement between the theoretical predictions and experimental results can be ob− served. Slight deviation of experimental points for the mode TE 0 from the theoretical characteristic results from the fact that for waveguide films obtained with the dip−coating method, the refractive index is growing with the increase in thickness [38] .
Opto−Electron. Rev., 19, no. 1, 2011 P. Karasiński Modal spectra of composite waveguide structures obtai− ned through the excitation with a grating coupler, with dif− ferent refractive indexes of the cover n c are presented in Fig. 10 . Figure 10 (a) corresponds to the refractive index of the cover n c = 1.00, and Fig. 10(b) corresponds to the refrac− tive index of the cover n c = 1.33. Solid lines were used to draw up the characteristics for TE polarization, and dashed lines were used to draw up the characteristics for TM pola− rization. For the grating coupler with the period of L = 900 nm, the waveguide structure can be excited in two diffrac− tion orders. For the smaller angles q, we can see coupling peaks corresponding to the second diffraction order (r = 2). With the bigger angles q, the structure is excited in the first diffraction order (r = 1). We can observe from the compari− son of both spectral characteristics that with the increase in refractive index of the cover n c , the angles q of the coupling of fundamental modes (TE 0 , TM 0 ) are undergoing strong changes whereas the changes of the coupling angles q of the first order modes (TE 1 , TM 1 ) are very small. The effective indexes are bound with coupling angles through the depen− dence N = n p sinq -rl¤L [3] , where n p = 1.0003 is the refractive index of air. We can see, therefore, that the rise of the coupling angle q means the rise of the effective refrac− tive index N. Basing on the modal spectra of composite waveguide structures, corresponding to different refractive indexes of the cover n c , the dependences of the effective indexes N on the refractive index n c were determined. The obtained results for the structure GU2 are presented in Fig. 11 . The thickness of the uniform film was d = 203 nm and its refractive index n 1 = 1.74. Crosses and squares were used to mark experimental points, and lines, solid and dashed, respectively, were applied to draw up theoretical dependences. We can observe excellent agreement between theoretical and experimental results. For TE 1 and TM 1 modes, whose turning points are in the gradient layer, we can observe very weak influence of refractive index of the cover n c on effective refractive indexes, whereas for the TE 1 and TM 0 modes these influences are very strong. The de− pendences of homogeneous sensitivity on the refractive index of the cover obtained on the basis of those characteris− tics for fundamental modes and for the 1 st order modes are presented in Fig. 12 . The figure includes also the character− istic of homogeneous sensitivity corresponding to the differ− ence interference of fundamental modes (TM 0 −TE 0 ). For each of the presented cases, the homogeneous sensitivity is growing with the increase in refractive index of the cover. We can observe that along the whole range of changes of a refractive index of the cover n c , the homogeneous sensiti− vity is the highest for the TM 0 mode, and is changing from ( ¶N/ ¶n c ) = 0.11 for n c = 1.30 to ( ¶N/ ¶n c ) = 0.29 for n c = 1.50. The maximum homogenous sensitivity for TM 1 mode is 3.0´10 -3 , and for the TE 1 mode the maximum homoge− neous sensitivity ( ¶N/ ¶n c ) = 1.4´10 -3 . We can see from the above that the homogeneous sensitivity, which can be ob− tained with the difference interference of modes TM 0 −TM 1 is practically equal to the sensitivity for fundamental TM 0 mode. The situation will be similar in the case of the inter− ference of modes of TE polarization. We can observe from the above that in the presented composite waveguide struc− ture, the difference interference of modes having the same polarization states offers over twofold higher homogeneous sensitivities than the interference of fundamental modes. In the case of the interference of the modes TM 0 −TM 1 , the homogeneous sensitivity is threefold higher than for the interference of fundamental modes. We can see from the characteristics of homogeneous sensitivity presented in 
, where k 0 = 2p/l and x i = n c , w s . From the above expression, we can estimate the mini− mum changes of the refractive index of the cover ( ) min Dn c and minimum changes of the sensitive film thickness Dd min which can be measured with the use of a composite sensor structure. If we assume that the changes of interference sig− nal phase can be measured with the detection limit of Dj min /2p = 1´10 -3 and if we assume that l = 677 nm, L = 2 cm, n c »1.33, n w = 1.50, then, using the difference interfer− ence of modes TM 0 −TM 1 we can conclude that the detection limit of the changes of a refractive index of the cover is (Dn c ) min »3´10 -7 , and the limit of mean changes of the sen− sitive film thickness is (Dw s ) min »1.3´10 -4 nm. In Ref. 2, for the difference interferometer with the interference of funda− mental modes, Lukosz provided the detection limit of (Dn c ) min = 5´10 -7 [2] . In Ref. 21 , for the input grating cou− pler of the period L = 800 nm, the author estimated the detection limit of (Dn c ) min = 2.1´10 -6 [21] . In Ref. 9 , for the Young interferometer, assuming that Dj min /2p = 1´10 -4 , it was estimated that (Dn c ) min = 2´10 -8 . We can see from the above that the presented in the work composite sensor struc− ture, using the difference interference of the modes TM 0 −TM 1 can be applied in chemical measurements for the detection of slight changes of the refractive index of water solutions as well as for the construction of biochemical sen− sor. In real sensor structures, the interaction length L can be even twofold higher than that assumed for the calculations, which means that then the detection limits involving the changes of refractive index and the changes of sensitive film thickness will be still twofold lower. The increase in homo− geneous and surface sensitivities, and hence further de− crease in detection limits can be obtained by raising the con− trast of refractive index in the sensor structure. The gradient waveguide can be produced in the ion exchange in the sub− strate of lower refractive index, with obligatory content of sodium as a modifier (Corning 7740, n b = 1.47) [33] [34] [35] . A uniform waveguide film can be made from the material of higher refractive index such as tantalum pentoxide Ta 2 O 5 or titania TiO 2 . However, further rise of sensitivity is not grounded. In practice, due to the influence of temperature on the refractive indexes of the sensor structure, such low detection limits as in the presented structure are impossible to make use of. The thermo−optical coefficient of water is ( ¶n c / ¶T) H2O = -0.9´10 -4 K -1 [9] . It means that with respect to the tests on water solutions, the acquisition of detection limit involving the changes of a refractive index at the level lower than Dn c »10 -4 necessitates the application of tempe− rature stabilization of the system.
Conclusions
The work presents the results of theoretical analysis and the results of experimental research of composite sol−gel SiO 2 :TiO 2 film/ion−exchange glass optical waveguides. The theoretical part of the work presents modal characteristics and the influence of the parameters of the uniform wave− guide film on homogeneous sensitivity. Owing to a simulta− neous application of the properties of gradient waveguides and uniform waveguides, the composite waveguide struc− tures offer very high sensitivities. In sensors produced with the application of composite waveguide structures we can use the interference of the fundamental modes (TE 0 −TM 0 ) or the interference of the modes having the same polarization state (TE 0 −TE 1 or TM 0 −TM 1 ). The highest sensitivities are offered by the application of the interference of the modes TM 0 −TM 1 . For the presented composite waveguide struc− tures (n 1 = 1.740), the maximum theoretical homogeneous sensitivity ( ¶N/ ¶n c ) max = 0.12 and the maximum surface sensitivity ( ¶N/ ¶w s ) max = 2.7´10 -4 nm -1 when n c = 1.33.
In the experimental part of the work, the manufacturing technology of composite sol−gel SiO 2 :TiO 2 film/ion−ex− change glass optical waveguides was described and the research results on the produced structures were presented. Using a prism coupler, the influence of the thickness of a uniform waveguide film on effective refractive indexes was determined. Using a grating coupler, the influence of a refractive index of the cover on effective indexes of the modes TM 0 and TM 1 was determined. Basing on measure− ment characteristics, the dependences of homogeneous sen− sitivity on a refractive index of the cover were determined. The produced waveguide structures are characterized by high homogeneous sensitivity in a wide range of a refractive index.
The estimated detection limits are on a very low level and they are respectively (Dn c ) min = 2.9´10 -7 for the changes of a refractive index and (Dw s ) min = 1.3´10 -4 nm for the changes of sensitive film thickness. It means that the composite sensor structure presented in the work can be applied for chemical and biochemical measurements of water solutions.
